Using the force sensor of an Atomic Force Microscope, motor forces of the HIV-1 Reverse Transcriptase were measured during active replication of a short DNA transcript. At low load forces the polymerase is mechanically slowed, while at high force (approximately 15 pN) it stalls. From recordings of estimated polymerase turnover velocity versus load force, an approximate force-velocity curve has been constructed. The shape of the curve suggests that load force strongly inhibits the rate-limiting step of the polymerase turnover cycle and that the combined effect of load on all steps involves an effective motion of about 1.6 nm. Earlier results from pre-steady-state kinetics experiments have identified the rate limiting step as the closing of the fingers domain to form a tight catalytic complex. Together these findings indicate that the closing of the fingers domain is a major force-generating step for HIV RT and, by extension, for all DNA polymerase machines.
Introduction.
HIV-1 Reverse Transcriptase (HIV RT) is the enzyme responsible for copying the RNA genome of the AIDS virus into a double-stranded DNA provirus, which is incorporated into the host genome. It has three distinct functions: 1) polymerizing a DNA strand complementary to the genomic RNA, thus forming an RNA-DNA hybrid (reverse transcriptase activity); 2) degrading the original RNA, leaving behind a single-stranded DNA copy (RNase H activity); 3) generating a second DNA strand complementary to the first strand, creating the double-stranded DNA provirus (DNA polymerase activity) (1) . Because creating the provirus is a necessary central step in HIV infection, HIV RT is the target of many anti-AIDS therapeutic drugs such as AZT, lamivudine, efavirenz and nevirapine (2) (3) (4) . More generally, HIV's structure and catalytic mechanisms are closely related to those of other well-studied reverse transcriptases (e.g., MMLuV) (5) and small DNA polymerases (e.g., T7 DNA polymerase, E. coli Pol I) (6) (7) (8) .
Hence understanding how HIV RT works-how its functional capabilities arise from structure and sequence-is important both for medicine and for basic science.
During one polymerization cycle, any polymerase must align the primer-template DNA with the catalytic site, orient the downstream template base, bind and align the incoming nucleoside triphosphate (NTP) monomer, recognize the complementary NTP and reject others, catalyze the formation of the new phosphodiester bond, release the pyrophosphate product, and finally move along the DNA to the next location. Except for the bond-forming reactions, all of these steps can be viewed as mechanical processes made possible by motions and interactions among protein domains acting together like parts in a protein machine. A number of recent crystal structures (9) (10) (11) have elucidated the nature of the key parts and motions (see figure 1a) , and ensemble kinetics measurements have helped define the main biochemical states (12) (13) (14) 4 (see figure 1b ), but to date no mechanical studies of HIV RT have been reported. In part this is due to the difficulty of measuring motor-like forces and motions of proteins, which tend to average out in ensembles and so must be measured on individual molecules. HIV RT presents a particular challenge because its processivity is low (for DNA polymerase activity, ~20 base pairs) (14, 15) and its step size is small (~0.34 nm per base incorporated), so the net movement along the DNA during a single polymerization run is small.
To overcome this problem, we have developed a single-molecule motor-force-andmotion experiment using an Atomic Force Microscope (AFM) cantilever as the force sensor.
The AFM has the spatial resolution to detect short runs of polymerization by HIV RT, and sufficient force resolution to detect its motor forces. By measuring polymerization velocity under increasing load until the motor stalls, the experiments have been used to construct an approximate force-velocity curve. The curve shows a stall force of about 15 pN for HIV RT, and the shape of the curve is consistent with the load force acting strongly on the rate limiting step of the polymerase turnover cycle. These results, together with ensemble kinetics and structural information, suggest that the closing of the fingers domain is a major force-generating step for the HIV RT molecular motor.
Materials and Methods.
Biotinylated primer-template DNA (figure 2b) was formed by annealing the primer to a 5'-biotinylated template oligonucleotide (both purchased from Operon (Alameda, CA) from 70 to 21 ºC. HIV RT was purchased from Worthington (Lakewood, NJ) or Amersham (Piscataway, NJ). Biotin-BSA was purchased from Sigma (St. Louis, MO). Neutravidin, which is thought to have less non-specific binding than streptavidin, was purchased from Pierce (Rockford, IL). All motor force experiments were carried out with a modified NanoScope IIIa AFM controlled externally by a computer equipped with National Instruments DAQ boards, and running software written in LabView (National Instruments, Austin, TX). Triangular cantilevers with force constant 10 pN/nm (Digital Instruments, Santa Barbara CA) were used. To reduce thermal drift without loss of detector sensitivity, the gold coating was stripped from the cantilever arms and base, but retained near the apex of the triangle, by dipping the tip end in rubber cement, dissolving the gold with HCl/HNO 3 , and removing the excess rubber cement with chloroform.
Tips were then cleaned by extensive ozonolysis and UV irradiation. HIV RT was adsorbed to tips by placing a 5 µl 0.5µM droplet on tip for 3 minutes, then rinsing with 1 ml buffer A (10 mM MgCl 2 , 40 mM KCl, 25 mM Tris·HCl (pH 7.8)). DNA was attached to cover glass in a 3-step process: a 10 µl droplet of 1.8 mg/ml biotinylated BSA placed on glass for 5 minutes, followed by a rinse with buffer A; then a 10 µl droplet of 1 mg/ml neutravidin for 5 minutes, followed by a second rinse; finally a 10µl droplet of 1 µM biotinylated primer-template DNA for 5 minutes, and a final rinse.
Control experiments were carried out by omitting either the primer/template DNA or the nucleotides, but were otherwise identical to full experiments. Control experiments are typically very clean, with little thermal drift and no binding between tip and surface. The rms thermal noise observed is usually less than 0.2 nm (2 pN) in a 10 Hz bandwidth. After repeated physical contacts between tip and surface (30 or 40 cycles, see below), sticking and stretching of polymeric material between tip and surface was sometimes observed. We attribute this to denatured protein on the tip, and usually stopped the experiment after about 20 contacts, or whenever sticking occurred.
The force-velocity curve was constructed by spline-fitting experimental traces of cantilever deflection, x, vs. time, then calculating the number of bases polymerized at each time using the freely jointed chain model without intrinsic stretch modulus (16):
is the force of cantilever deflection at time t, κ is the cantilever force constant (10 pN/nm), is the length of one single-stranded monomer unit (0.7 nm in our calculations), k B is Boltzmann's constant, and T is temperature. The function L(x) is the Langevin
, and F(0) and n(0) are the initial force and DNA template length (in bases), respectively.
Results

Motor Forces vs. Time
The basic motor force experiment is illustrated in fig.2a . HIV RT is adsorbed to the cantilever's sharp tip (20-50 nm radius), which allows the polymerase to approach the surface to within a few nanometers without unwanted contacts. A 5'-biotinylated, 56-base DNA template with a tenbase primer annealed at its 3' end is attached to a glass surface by a layer of neutravidin bound to a layer of biotinylated bovine serum albumin (b-BSA). The substrate is mounted on a piezoelectric positioner and can be raised or lowered to bring the DNA closer or further from the tip. Finally, a saturating concentration (100 µM) in each of the four nucleotides in the surrounding buffer ensures that once a "hookup" takes place, the polymerase molecule will fill in the template, shortening the DNA tether and deflecting the cantilever.
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The results of several experiments are shown in Fig. 3 a-c. At the beginning of each experiment the substrate is raised (top trace) until the tip touches lightly (~20 pN), establishing the tip-surface distance. The substrate then retracts to break any hookups that may have occured during the touch, and then re-approaches, stopping at a pre-set tip-sample distance, (8-15 nm).
Calculations with freely jointed chain or wormlike chain models for the DNA suggest that at this range of distances the free ends of the DNA will bind to the tip-adsorbed polymerase molecules 
Force-Velocity Curve
Each motor force event in figure 3 reveals the velocity of the polymerase motor over a full range of applied load forces, from near zero to stall. Fifteen such events have been used to construct a rough force-velocity curve (Fig 4) . The polymerase velocity at zero load was measured earlier using single-molecule fluorescence methods i .
The shape of the force-velocity curve provides two important pieces of information.
First, the velocity drops immediately and rapidly, even at low load. External forces can only affect mechanical processes, i. e., transitions that involve a significant physical motion along the direction in which the force is applied. If the force were acting only on a fast kinetic step in the turnover cycle, the velocity would be only slightly affected by load, and the force-velocity curve would be nearly flat at low load. Only at high force, when the affected step has been slowed until it has become rate-limiting, would the velocity decrease rapidly. Thus the fact that the velocity falls rapidly even at the smallest forces implies that the load is acting on the "natural"
(zero-load) rate-limiting step, and that this step is mechanical in nature. Previous work has identified the closing of the fingers domain to form a tight catalytic complex with incoming nucleotide as the zero-load rate-limiting step (18) . This is indeed a mechanical step, consistent with our results.
Second, at forces near stall the velocity must be approximately proportional to the ratelimiting rate constant (at that force), and the shape of the curve therefore gives the dependence of this rate constant on load force. Thus we take the velocity in this region to have an Arrhenius form, , where ∆x is the effective size of the motion associated with the transition. A plot of log velocity vs force should then be linear with slope proportional to ∆x. As shown in figure 4 , our data are consistent with a motion of between 1 and 3 nm, with 1.6 nm the most likely value. This is too large to be fingers movement alone (about 1 nm or less for HIV RT, as measured from crystal structures in open and closed states (9)), and so must involve a combination of steps, including (possibly) template base stacking (up to about 0.7 nm), and translocation (up to 0.34 nm). Nonetheless, both the low force and high force regions of the force curve are consistent with the idea that load force acts on the fingers-closing step, and that fingers-closing is probably the main force-generating process for the HIV RT molecular motor. 
